The wave-plate model is frequently used to analyze the signal of polarization time domain reflectometry (POTDR). However, since the wave-plate model is initially developed to simulate the polarization property of optical fiber communication links, it does not describe the signal of POTDR very well. In this paper, we adapt the wave-plate model for the simulation of POTDR. According to the comparison with experiment, it shows that the adopted model is more suitable than the original model to analyze the POTDR signal.
Introduction
In recent years, distributed optical fiber sensors (DOFS's) [1] - [4] have made great progress and have attracted much attention. Compared to mechanical sensors, they have many advantages, such as immunity to electromagnetic interference, distributed measurement ability, robust to harsh environment, etc. Among many DOFS's, polarization time domain reflectometry (POTDR) is one technique which can detect and locate perturbations along fiber. It realizes the measurement based on the effect that the state of polarization (SOP) of optical lightwave in fiber is sensitive to disturbance. Compared to other DOFS's, POTDR is cost-effective and moderately sensitive to perturbations, thus it attracts many interests in the detection of intrusion, vibration, impact, etc.
[5]- [9] .
Because the birefringence of normal optical fiber is not uniform and the SOP of rear lightwave in fiber is dependent on the SOP of the front one, the signal of POTDR exhibits random fluctuation along the distance and is hard to be described with fixed pattern. In many researches of POTDR, simulation is a very important method. A suitable simulation model can provide results similar to experiment which can help researchers extract the characteristic of signal, design signal analyzing method, and optimize the experiment setup economically and efficiently. At present, the simulation model used mostly for the analysis of POTDR signal is the wave plate model (WPM), which is initially proposed to analyze the polarization properties (e.g. PMD, DGD, beat length, et al.) of optical fiber communication links and can get good results in the field. However, when this model is used for POTDR signal, we may find obvious periodical characteristic and discontinuity in the simulated signal, which normally does not exist in practical signal. This is because the WPM makes some assumptions not suitable for POTDR, such as the direction of the birefringence axis and the size of local birefringence [10] . P. Wai et al. proposed a randomly varying birefringence model, in which both the birefringence strength and the orientation vary randomly for each simulation step along the fiber [11] , [12] . This model is very useful in analyzing the polarization decorrelation and DGD of fiber for simulation, whereas it leads to noise-like fluctuation when used for POTDR signal.
In this paper, we make some adoption to the WPM to make the parameters in the WPM and the simulated POTDR signal more similar to the actual POTDR system. According to the comparison between the adopted WPM, the original WPM and the experiment, we find that the signal obtained with the adopted WPM is more similar to the actual POTDR signal, the adopted WPM can simulate the POTDR signal of fiber under disturbance, and it simulates the disturbance detection of POTDR better than the original WPM.
Fundamental
In the original WPM, fiber is subdivided into a cascade of subsections. Each subsection is treated as a wave-plate which can be described by a specific Muller matrix. With Stokes representation, the Rayleigh backscattering signal in POTDR can be described as [13] 
where P is the transmission matrix of polarization analyzer, . . . is the attenuation of fiber, S i n is the Stokes vector of input optical signal, − → R n and ← − R n are the forward and backward transmission matrix of each wave-plate.
− → R n and ← − R n can be expressed as
The matric items in (2) and (3) are given as
where δ is the phase difference of the mutually orthogonal optical vectors;
β, β L , and β C are the total birefringence, the linear birefringence, and the circular birefringence, respectively; φ describes the relationship between liner birefringence and circular birefringence; tan φ = |β C |/|β L |; and θ is the angle between "fast axis" and the x-axis of the reference frame.
The original WPM assumes that each wave-plate represents the same length of fiber, which is called rotation length, that the birefringence strength is Rayleigh distributed between different wave-plates and the birefringence is constant within each same wave-plate, and that the angle θ in each wave-plate is the same and it changes randomly for different wave-plate.
Although this model can describe the polarization properties of optical fiber communication links well, it has obvious defects when being used in the simulation of POTDR signal. First, the simulated signal has obvious discontinuities at the junctions of adjacent wave-plates. Second, the simulated signal within a wave-plate is obviously periodic. All these features in the simulated signal are not consistent with the actual signal of POTDR.
Therefore, based on the actual properties of optical fiber, we make the following adoptions to the model. First, because neither the intrinsic birefringence nor the external birefringence of fiber distributes evenly, the local birefringence of fiber (including the orientation and strength) changes along the fiber. Normally the beat lengths for different positions have a Rayleigh distribution [14] . So we assume that the mean value of the beat lengths for different wave-plates is the same and the distribution of beat length within each wave-plate is consistent with Rayleigh distribution. This assumption can make the beat length of any arbitrary section of fiber have a Rayleigh distribution and have approximately the same mean value. Then, according to β(z) = 2π/L B (z), we can calculate the local birefringence of each position along the fiber, where L B is the beat length of fiber. Second, we assume that the ratio between linear birefringence and circular birefringence for different waveplates changes randomly with Gaussian distribution. The mean value of the ratio is determined by the characteristic of the fiber. Finally, because the fiber is drawn and produced continuously from a melt optical fiber preform, the properties of fiber for adjacent positions should change smoothly rather than drastically if there is no external perturbation. And since the rotation length do describe the evolution of birefringence axis of fiber properly, we determine the angle θ of wave-plates by combining these two facts -the angle θ at the beginning position of each wave-plate changes randomly (0 ≤ θ ≤ 2π), the angles θ at the junctions of adjacent wave-plates equals to each other, and the angle θ in each wave-plate evolves smoothly from the beginning to the end of the wave-plate by using cubic spline interpolation. As an example, the angle θ distribution for a fiber is shown in Fig. 1. 
Comparison and Analysis

Comparison With Original WPM
Note that the rotation length is a parameter given in simulation, whereas the coupling length is a practical parameter which can describe the characteristics of fiber. Therefore, when we use the adopted WPM and original WPM to simulate the POTDR signal, we need to keep the coupling lengths for these two models the same to make the comparison more persuasive.
Loosely speaking, the coupling length is the distance after which the birefringence axis has moved significantly. The coupling length L C can be calculated from the following equation [15] :
where L is the fiber length, β(z) is the birefringence vector of fiber, andβ 2 is the mean value of β · β over the fiber. According to (7), we can calculate the coupling length with the adopted WPM and original WPM. Taking the beat length of 56 meters as an example, the relationship of coupling length with rotation length is shown in Fig. 2. From Fig. 2 , we find that the coupling lengths for the same rotation length are different for these two models.
One of the important functions of the simulation model is to evaluate the DGD of fiber. According to the level crossing rate (LCR) analysis method introduced by Poole [16] , the DGD of fiber can be calculated from the POTDR signal, which in turn can be simulated with simulation models. Firstly, we sweep the frequency of input optical pulse in different simulations to obtain many POTDR curves. The POTDR signal at the end of fiber will change with the frequency because the beat length is optical frequency related. Then we can calculate the DGD of fiber with τ = 2n(v f )/ √ v f [17] where v f is the mean value of the signal changed with frequency, n(v f ) is the mean value of per-unit-frequency number of times that the signal crossed the level v f . Then, the relationship of DGD with coupling length can be obtained by simulating POTDR signal with the original WPM and the adopted WPM respectively. The results are shown in Fig. 3 , where we can see that the result of the adapted WPM fits well with that of the original WPM. By using the adopted model to simulate the POTDR signal and then determine the PMD [18] , [19] of fiber with the Jones Matrix Eigen-analysis method [20] , the PMD distribution can be obtained after lots of simulations under random perturbations. The corresponding result is shown in Fig. 4 where it can be find that the PMD distribution is Maxwell distribution [21] , which is also consistent with the simulation result obtained by the original WPM, as well as the practical situation. Therefore, the adopted model is valid to analyze the polarization property for optical fiber link.
Comparison With Experiment
The curve of POTDR signal obtained in experiment is shown in Fig. 5(a) . By using the LCR method, the beat length of fiber can be obtained with the following equation [22] , [23] :
where v L is the mean value of the normalized POTDR signal, and n(v L ) is the mean value of per-unit-length number of times that the signal crosses the level v L . According to (8) , the beat length of fiber is estimated to be about 56 m. Then simulations for POTDR signal are made with the adopted WPM and original WPM respectively by assuming the beat length to be 56 m. The rotation length of the adopted WPM and the original WPM are set as 140 meters and 74 meters, respectively, which make the coupling lengths for the two models about 64 meters, as shown in the dashed line in Fig. 2 . The simulation curves are shown in Fig. 5(b) and Fig. 5 (c) respectively and in each simulation the signal-to-noise ratio (SNR) is 18 dB, which is similar to the experiment result. By comparing the curves in Fig. 5 as a whole, the result of the adopted WPM is apparently more similar to the experiment result than that of the original WPM. The simulated POTDR signal with the original WPM has stronger periodicity, which doesn't match with the experiment signal very well. The simulated signal with the adopted model, however, doesn't have this phenomenon. Then, the fast Fourier transform (FFT) is performed to the three curves in Fig. 5 respectively to analyze the signals in spatial frequency domain. The results are shown in Fig. 6 where we can find that there is an obvious peak in 0.036 m −1 for the signal of original WPM, which is twice of the inverse of the beat length. On the other hand, the result of the adopted WPM matches well to the experiment result; there is no obvious peak in the spatial frequency domain and most of components distribute smoothly in low frequency region.
Then we examine the crossing times that each of the normalized POTDR curves in Fig. 5 crosses different level v L . The results are shown in Fig. 7 , where v L is changed from 0 to 1. We can find that the red curve which represents the result of the adopted model matches well with the blue curve which represents the result of experiment. They both reach the maximum approximately in the mean level 0.5 and have symmetric profiles. The green curve which represents the result of the original WPM, however reaches the maximum at about 0.7 and clearly has an asymmetric profile, which means that its signal gathers on the top of the curve. Therefore, the simulated signal of the adopted model is much similar to the experiment signal and it can reflect the characteristics of the POTDR signal better. Although the original model has much faster speed in analyzing the polarization properties of fiber such as PMD, DGD et al., the calculation speeds of the original WPM and the proposed model are nearly the same when simulating the POTDR curve, because both of them need to calculate the data step by step along a fiber in order to obtain the whole POTDR curve, and the time consumption is less than 0.2 s in a single simulation with 3 km sensing length and 1 m step.
Analyzing the Signal of POTDR Under Vibration
In order to demonstrate the usage of the adopted model, POTDR signal induced by two perturbations is simulated and analyzed with different simulation models. Two vibrations are loaded at approximately 1000 m and 2000 m, respectively, on a fiber. The differential result of POTDR signals obtained at different time in experiment is shown in Fig. 8 . Because the state of fiber before 1000 m keeps constant, the differential result along fiber is always zero. Then the polarization signal after 1000 m has obvious fluctuation because the vibration changes the SOP of the lightwave after the first vibration point. However, one cannot find the second vibration point directly because the fluctuating signal induced by the first vibration masks the polarization signal induced by the second vibration. Fig. 9 shows the simulated differential result with the original WPM. Although the signal also begins to fluctuate after the first perturbation, it has obvious periodical characteristic because in the original WPM the birefringence in the same wave-plate keeps constant. Therefore, when we observe the differential signal around 2000 m, we can find that the periodical fluctuation is suddenly broken at about 2000 meters, and it begins to exhibits different amplitude. Therefore, this simulation shows that one may detect the second vibration point with the differential method. However, this is contrary to the experiment result which shows that the differential method can only find the first vibration point.
If we remove the noise during the simulation with the original WPM, the above phenomenon will be more obvious, as shown in Fig. 10 , and if we enlarge the signal around 2000 m as shown in the inset of Fig. 10 , the simulation even falsely shows that the second vibration can be found from the sudden change in 2000 m. Fig. 11 shows the result simulated by the adopted WPM without noise. Since the unreal periodic polarization signal in the same wave-plate is corrected, it can correctly reflect the feature of the differential signal. Although the noise is removed in the simulation, the second vibration point still cannot be detected merely from the differential signal which is consistent with the experiment result.
Normally, in order to detect multiple vibrations with POTDR, one needs to analyze the spectrum of signal in frequency domain as given in [9] . Therefore, we use the adopted WPM to simulate detecting two vibrations in frequency domain. In simulation, two vibrations are set at 1000 m and 2000 m and their frequencies are 10 Hz and 12 Hz, respectively. One hundred POTDR curves are simulated by setting a sampling rate of 100 Hz. Then, the spectrum distribution along fiber is obtained by using the spectrum analyzing method in [9] . A corresponding experiment is made by setting the same two vibrations in fiber as the simulation. The results of the experiment and simulation in frequency domain are shown in Fig. 12 where we can see that the simulation result is consistent well with the experiment result. The two vibrations with frequency of 10 Hz and 12 Hz can be easily detected from Fig. 12 . 
Conclusion
Simulation is an effective method to analyze the characteristics of POTDR signal. An adopted waveplate model is proposed in order to analyze the POTDR signal more accurately and conveniently. Based on the original WPM, the adopted WPM proposes to use Rayleigh distribution to describe the local beat length within each wave-plate and then using the local beat length to obtain the local birefringence; cubic spline interpolation is used to make the angle of wave-plate transform smoothly from one to another. The adopted WPM can obtain the DGD and PMD distribution of fiber correctly as the original WPM. And by comparing with the experiment result, it shows that the adopted WPM can describe the POTDR signal better than the original WPM.
